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Key Points:
• Strong AC E-fields can perturb the spacecraft potential by enhancing photoelec-
tron emission making the density estimation unreliable
• A correction method for the spacecraft potential during large electric fields is pre-
sented so that the electron density can be inferred
• This is tested for three events on the MMS spacecraft showing good agreement
with different direct measurements
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Abstract
Spacecraft potential has often been used to infer electron density with much higher time
resolution than is typically possible with plasma instruments. However, recently two stud-
ies by Torkar et al. (2017) and Graham, et al. (2018b) have shown that external elec-
tric fields can also have an effect on the spacecraft potential by enhancing photoelectron
escape from the surface. Consequently, should the electron density derived from the space-
craft potential be used during an event with a large electric field, the estimation would
be contaminated and the user would see the effects of the electric field rather than den-
sity perturbations. The goal of this paper is to propose a method to remove the electric
field effects to allow the density derived from spacecraft potential to be used even dur-
ing large amplitude wave events such as Langmuir waves or upper hybrid waves.
Plain Language Summary
Spacecraft in a plasma become charged due to a number of processes. Often the
two most important processes in determining the charge are due to the ambient plasma
and the photoelectron emission from the surface of a sunlit spacecraft. The potential it-
self is a function of the electron density, and consequently the potential data can be used
to infer the electron density if the photoelectron emission can be modeled. However, in
the presence of large electric fields the photoelectron emission can change with the elec-
tric field. This means that rather than see fluctuations of density in the spacecraft po-
tential, the effect of the electric field is seen. Here a method is presented to remove the
electric field effect on the spacecraft potential such that the density can be estimated even
when there are strong electric fields present.
1 Introduction
Spacecraft embedded in a plasma become charged due to a number of competing
processes (Whipple, 1981); the spacecraft potential is determined by the balance of sev-
eral different currents to and from the spacecraft. The size of the currents and their im-
portance for the potential are dependent on several factors; the ambient plasma (ion/electron
density and temperature), which gives ion and electron thermal currents denoted Ie,Ii.
Spacecraft instrumentation (ion/electron emitters) such as electron drift instruments Iedi
which emit electrons to measure electric fields (Torbert et al., 2016) or active spacecraft
potential control (ASPOC) which regulates the potential by emitting ions IASPOC (Torkar
et al., 2016). Both of these instruments are present on the Magnetospheric Multiscale
Mission spacecraft (Burch et al., 2016) and contribute to the currents when operating.
Ultraviolet radiation which is dominated in near Earth space by Lyman-α emission from
the Sun also causes photoelectron emission Iph from the surfaces of the spacecraft (Kel-
logg, 1980; Brace et al., 1988). High energy particles can also cause secondary electron
emission I2nd from the spacecraft surface (Pedersen et al., 2001; Lai, 2011). There is also
a small number of backscattered electrons Iback (Lai, 2011). Finally, there is a small bias
current Ibias sent from the spacecraft to the electric field probes with the purpose of keep-
ing the probe potentials close to zero potential with respect to the plasma.
Under certain conditions the contributions of many of these currents can be neglected.
In a tenuous plasma the contribution of the ion thermal current can be neglected (Ly-
bekk et al., 2012). The secondary electron yield from a spacecraft depends on the ma-
terial of the spacecraft and the energy of the primary electrons. The peak of the yield
is generally near 300-800eV (e.g. Lai, 2011; Balcon et al., 2012), however should the elec-
tron temperature be outside the peak yield the effect is mitigated. Therefore should the
electron temperatures be favourable the contribution of secondary emission can also be
neglected. Backscattered electrons can also contribute to the currents and have similar
energies to the incident electrons (e.g. Darlington & Cosslett, 1972; Sternglass, 1954).
However the probability of a backscattered electron occurring is much lower than for a
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secondary electron. If secondary electrons can be neglected then so can backscattered
electrons. The bias current is selected to be of the order of ∼ −100nA for each of the
six electric field probes on MMS. This gives a combined bias current of ∼ −600nA on
one of the spacecraft which is much smaller than the other current sources and can be
neglected. Therefore if the plasma is sparse with low temperatures and both ASPOC and
EDI are not operating the photoelectron current from the spacecraft and the electron
thermal current to the spacecraft dominate and are approximately equal in magnitude
Ie + Iphot ∼ 0.
The electron thermal current can be approximated by Eq. 1 by assuming that the
particles have a Maxwellian velocity distribution function (Mott-Smith & Langmuir, 1926;
Pedersen, 1995):
Ie = −Aspacqne
√
kBTe
2meπ
(
1 +
qVsc
kBTe
)
(1)
Where Aspac is the spacecraft’s surface area. The MMS spacecraft have an approx-
imate area of 34m2. This value is given in the MMS technical report (Davis et al., 2009)
and is the value typically used in the literature (e.g. Torkar et al., 2016; Andriopoulou
et al., 2016; Torkar et al., 2017; Nakamura et al., 2017; Andriopoulou et al., 2018; Gra-
ham, et al., 2018b; Torkar et al., 2019). There may be some small difference between the
value of the technical report and the precise value which may give a small systematic er-
ror in the determination of the photoelectron parameters. The photoelectron current can
also be approximated by assuming several (usually two) populations of photoelectrons
and performing a fit of the electron thermal current (Eq. 1) to the spacecraft potential.
Iphot = Iph0 exp
(
− qVsc
kBTph0
)
+ Iph1 exp
(
− qVsc
kBTph1
)
(2)
Here, Iphot0,1 and Tph0,1 are fitted parameters determined later in Fig 2. Under the
conditions when all other sources of current are small and an assumption (or a direct mea-
surement if possible) is made about the ambient electron temperature, the spacecraft po-
tential can be calibrated to give a measurement of the electron density (Pedersen 1995,Es-
coubet et al. 1997,Nakagawa et al. 2000,Pedersen et al. 2001,Pedersen et al. 2008) given
in Eq 3.
ne,SC =
1
qAspac
√(
2πme
kBTe
)(
1 +
qVsc
kBTe
)−1(
Iph0 exp
( −qVsc
kBTph0
)
+ Iph1 exp
( −qVsc
kBTph1
))
(3)
It is often the case that plasma instruments mounted on a spinning spacecraft use
the spin to sample different directions thus limiting the sampling rate to the spacecraft
spin frequency. Using the spacecraft potential overcomes this limitation and allows for
a much higher time resolution than is typically possible for plasma instruments. This
makes the electron density deduced from the spacecraft potential useful for investigat-
ing kinetic scale density fluctuations (Kellogg & Horbury 2005, Yao et al. 2011,Chen et
al. 2012, Roberts, et al. 2017, Roberts et al. 2018a, Roberts et al. 2018b), or for use when
direct measurements are not available (Haaland et al., 2009).
However there are limitations for the use of the spacecraft potential as a measure-
ment for the density. The first limitation is that the illuminated area of the spacecraft
changes as it is rotating, resulting in the potential being a function of the spacecraft phase
angle. This causes several peaks to appear in the Fourier spectrum of the spacecraft po-
tential (or the density fluctuations derived from it) (e.g. Kellogg & Horbury, 2005), which
–3–
manuscript submitted to JGR: Space Physics
need to be removed by bandpass filtering (Yao et al., 2011), subtracting harmonics (Torkar
et al., 2017) or developing an empirical model of the spacecraft charging (Roberts, et al.,
2017). Another limitation is that the spacecraft have a finite charging time (e.g. Chen
et al., 2012), therefore it will take some time for the spacecraft to respond to an exter-
nal driver and reach a new equilibrium potential. This timescale is typically very small
(as will be discussed later) however it can affect the potential if an abrupt change oc-
curs such as a high frequency wave.
The other limitations occur for two reasons; either other currents are present such
that the relation Ie + Iphot ∼ 0 is no longer valid, or that the assumptions of Eqs. 1
or 2 are no longer valid. Densities can be inferred when the ASPOC instrument is on,
as the current itself is known. However it is typically more difficult to infer the density
as the variations in spacecraft potential due to the density are smaller as the potential
is regulated (Torkar et al. 2015, Andriopoulou et al. 2015, Andriopoulou et al. 2016, Naka-
mura et al. 2017, Andriopoulou et al. 2018). Meanwhile, changes due to the electric field
as described in the following paragraph may be comparable to when ASPOC is off. Ad-
ditionally, regions such as the magnetosheath contain particles which contribute to a sec-
ondary emission current (Pedersen et al., 2001).
More recently another limitation has been discovered, where the electric field can
have an effect on the spacecraft potential in modifying the photoelectron escape from
the spacecraft. It was shown that in strong DC and AC electric fields can have an in-
fluence on the spacecraft potential (McFadden et al., 2003; Malaspina et al., 2014; Torkar
et al., 2017; Graham, et al., 2018b). Graham, et al. (2018b) used data from MMS to show
that when high frequency upper hybrid, or Langmuir waves are present (such as are com-
mon near the Earth’s magnetopause (Graham, et al., 2018a)) they enhance photoelec-
tron escape from the spacecraft leading to an increase in the spacecraft potential. This
conclusion was supported by numerical simulations that showed that the presence of an
electric field causes enhanced photoelectron escape. Physically photoelectrons can have
a variety of energies and not all photoelectrons escape the potential well of the space-
craft. Some photoelectrons are not sufficiently energetic to escape and return to the space-
craft. The presence of a large electric field would cause some photoelectrons with lower
energies, which ordinarily would have returned to the spacecraft to escape. This results
in a measurable change in the spacecraft potential. By using the high time resolution
electric fields, spacecraft potential and the direct electron measurement it was concluded
that the observed increase in spacecraft potential was not associated with density per-
turbations.
There are several physical applications where high time resolution density measure-
ments are desirable during strong electric fields. The purpose of this paper to determine
the effect that the electric field has and to remove it leaving a spacecraft potential value,
which can be used to derive the density or density fluctuation in such an event. Some
examples where this technique might be useful when investigating increments of the den-
sity, or when evaluating the Pondermotive force which requires a measurement of both
density and electric field (Henri et al., 2011). Electrostatic signatures of PSBL mixing
such as phase-space holes and double layers have significant implications for energy trans-
port in the magnetosphere. Our best measurements of 3D electron holes on MMS are
in the PSBL/Lobe boundary (e.g. Tong et al., 2018; Holmes et al., 2018; Mozer et al.,
2018) on millisecond timescales with densities of ∼ 0.1 cm−3. Waves are common in this
region, and having increased accuracy in electron density measurements would be highly
beneficial in interpreting these structures. Other applications may include investigating
the effects of density perturbations on wave propagation (e.g. Moullard et al., 2002; Yearby
et al., 2011). Although to test and present the method here we investigate simpler cases
to demonstrate the concept of the correction method.
This work will present an empirical method to remove the perturbation in the space-
craft potential due to high frequency waves. In the cases which will be presented the den-
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sity doesn’t vary strongly which is desirable for testing the method. While the correc-
tion is not specifically important for the cases studies here, testing on quiet intervals is
a necessary first step before the correction is applied for more complex intervals. In the
following section we will present the data used from the MMS spacecraft, which were ini-
tially characterized by Graham, et al. 2018b,Graham, et al. 2018a. In the third section
we will present a method to remove the electric field contribution from the potential such
that we are left only with the part which is due predominantly to electron density per-
turbations.
2 Overview of the Events
In this section an overview of three events will be presented. The three events con-
sist of a variety of different electron densities and spacecraft potentials. For the first event
we will present the technique step by step and for the other two intervals only the re-
sults will be presented. In all of the intervals burst mode data were available, and AC
coupled electric field measurements sampled at 65536 Hz (termed HMFE) are also avail-
able. In Fig. 1 several measured parameters for the first interval from the MMS2 space-
craft (Burch et al., 2016) are presented. This is a one second interval starting at 2016-
10-16 20:33:40.500 UT. Figure 1(a) shows the high frequency AC coupled electric field
measurements from the Spin Plane Double Probes instrument (Lindqvist et al., 2016)
and the Axial Double Probes (Ergun et al., 2016). These are presented in a co-ordinate
system which is aligned with the mean magnetic field direction defined as the average
measured from the fluxgate magnetometer (Russell et al., 2016) during the interval. The
direct ion and electron measurements are obtained from the Fast Plasma Investigation’s
(FPI) Dual Ion Spectrometer (DIS) and Dual Electron Spectrometer (DES) (Pollock et
al., 2016) which have sampling rates of 6.6 Hz and 33.3Hz respectively.
This interval was investigated by Graham, et al. (2018b),Graham, et al. (2018a)
and identified as an example of a Langmuir wave with E‖ ≫ E⊥ which causes the elec-
tron density estimation from spacecraft potential to become inaccurate. Figure 1(b) shows
the envelope of the total fluctuations. For a signal S this is obtained by finding the an-
alytic signal from the Hilbert transform H(S) and summing up their magnitudes Ai =√
S2i +H(Si)
2. This is done for each component and then gives the magnitude of the
envelope Eenv =
√
A2x +A
2
y +A
2
z . Figure 1(c) shows the spacecraft potential measured
during the event with a sampling frequency of 8192Hz, which has a striking similarity
to the electric field envelope fluctuations. The spacecraft potential is calculated using
the mean of the four biased spin plane probes Vj=1,2,3,4 to calculate the probe to space-
craft potential Vpsp. Each probe is given a bias current such that is selected to approx-
imately balance the electron thermal and photoelectron currents from the probe. This
ensures that the the probe has a positive value close to zero for the potential with re-
spect to the plasma. If one probe is disabled such as is the case with MMS4 when a bias
current failure occurred on 2016-06-12 05:28:48 then the mean of two opposing probes
is used. To obtain the spacecraft potential the probe to spacecraft potential is used con-
verted to a spacecraft potential using;
Vsc,i = 1.2(−Vpsp) + ci (4)
where Vpsp is:
Vpsp =
1
N
j=N∑
j=1
Vprobe,j (5)
where the coefficient of 1.2 in Eq 4 is a shortening factor to account for the fact
that the probes are not infinitely away from the spacecraft and [c1, c2, c3, c4] = [1.3, 1.5, 1.2, 0.0]V
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are constants (i.e. the nominal probe to plasma potential) which are determined from
the photoelectron energies seen in FPI. It is important to note that the probes are them-
selves not strictly at zero potential with respect to the local plasma, and there can be
some error in the derivation of the nominal probe to plasma potential that affects the
determination of the photocurve. However, this error is likely to be small and would also
only cause a systematic error (Torkar et al., 2015; Andriopoulou et al., 2015).
One final point to note is that MMS is a spinning spacecraft and the potential and
electric field which are both required for this analysis is calculated from measurements
of the booms in the spin plane (with a third component of the electric field coming from
the axial double probe). Perfect electric field measurements by probes rely on identical
probe-to-plasma potentials on all probes, which requires identical illumination and plasma
conditions. Therefore, when an electric field probe is shadowed and in the wake behind
the spacecraft, there will be a spacecraft generated electric field which scales with the
potential. The SDP probes are mounted on the spacecraft at the spin phase angles of
[30, 120, 210, 300]◦ (Lindqvist et al., 2016). Where 0◦ is defined as having the x compo-
nent of the spacecraft Body coordinate system pointing sunward. Shadowing of a probe
occurs at these phase angles where a boom is sun-aligned. These brief events occur at
every quarter of a spacecraft spin period of 20 s and lie outside the analyzed intervals
as is detailed in Fig 8 later.
A cross correlation of the electric field envelope (resampled to the spacecraft po-
tential time tags) and the spacecraft potential shows a maximum correlation of 0.96 and
a corresponding time lag of 0.0024s with the electric field leading the spacecraft poten-
tial. In all intervals ASPOC is off, and EDI is in passive mode (i.e. the electron gun is
off) allowing us to use equations 1-2 to be used to derive the electron density.
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Figure 1. Overview of the first event 2016-10-16 20:33:40.50-20:33:41.5 from MMS2 (a) Shows
the three components of the electric field fluctuations in field aligned coordinates. (b) The elec-
tric field envelope obtained from the Hilbert transform. (c) The measured spacecraft potential,
(d) The estimation of the density from the spacecraft potential in (d) is shown in black and the
direct measurement from FPI-DES along with the error bars. The FPI error bars denote the sta-
tistical uncertainty in the FPI measurement while the error bars on the plasma line denote 1/100
th of the peak power.
The values for the photoelectron parameters are obtained by fitting two exponen-
tial curves (Eq. 2) to the data in Fig 2. To ensure a large enough range of potentials the
curve needs to be determined over a longer time period than the one second interval of
interest presented in Fig 1, where two burst mode intervals are used between 20:32:40-
20:33:44 and 20:35:24-20:37:04. This choice is motivated by the need to have a large enough
interval so that a range of spacecraft potentials are sampled but also small enough so
that there are no changes in the photoelectron parameters e.g. a change in electron tem-
perature/ Solar UV flux. The electron thermal current is determined from Eq. 1 from
the FPI-DES electron measurements and the spacecraft potential measurements. As there
is a large spread in the data (shown in blue); they are binned to limit the effects of out-
liers (and regions with large electric fields), and the median pi in each bin and the er-
ror σi given by Eqs 6-7 are shown in red;
pi = median(Ie,i) (6)
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σi =
1√
2 erf−1(1/2)
median(|Ie,i − pi|) (7)
where the error is assumed to be Gaussian. The fitting is performed with both the
binned (red) and the unbinned points (blue) and although the χ2 value is large for the
unbinned values, both the binned and unbinned data yield similar results, we will use
the values based on the binned data. The fitted parameters are also indicated on the Fig
2. Two populations of photoelectrons are required as the photocurve is often characterised
by several different exponential laws at different values of the potential. Typically ex-
ponential laws are fitted between 0-4V, 4-9V and >9V (e.g. Pedersen, 1995; Andriopoulou
et al., 2015, 2018). The ranges of the potentials here span two of these regions necessi-
tating a dual fit. However as there is only a small region below 9V the parameters with
subscript 0 are poorly estimated. To estimate the total photoelectron current the curve
would need to be extrapolated to 0V which is impossible to do meaningfully as there are
no data points below 8V. A reasonable value for the total photoelectron current density
of all populations is 70µ A m−2 Davis et al. (2012). The highest energy population of
photoelectrons here gives a current density of 12µ A m−2 (assuming a projected sunlit
area of 5.9m2) which is slightly larger than what is measured for this potential range typ-
ically for MMS 3.4µ A m−2 (Andriopoulou et al., 2018). The energy of this population
is also smaller 7.4V versus 12.1V in Andriopoulou et al. (2018). In Andriopoulou et al.
(2018) the photoelectron curve was calculated only when electric fields were less than
10mV/m. This reflects that the interval has somewhat higher photoelectron emission with
respect to times when the electric field is low.
The estimation of the electron density from the uncorrected spacecraft potential
using these parameters is shown in Fig. 1(d) and the corresponding direct measurement
of ion and electron density from the FPI. This procedure is performed for all the inter-
vals, and a separate photocurve is derived for each event. A discrepancy between the elec-
tron density measurements and the estimation from the spacecraft potential has been
observed when large electric field fluctuations are present as opposed to regions where
the amplitude of the electric field is smaller (Graham, et al., 2018b).
For an additional estimate of the electron density a short time Fourier transform
is applied on the E‖ component of the electric field with a window length of 2048 points
(0.0625 times the Nyquist frequency) and zero overlap is used. The Langmuir wave has
the dispersion relation given in Eq. 8. The peak frequency corresponds to an electron
density of ne =
meǫ04π
2f2pe
q2 where the electron pressure (rightmost term of Eq 8) is ig-
nored. This peak is extremely sharp and well defined and the error bars indicate the width
of the peak at one hundredth of the maximum power. The estimates from the plasma
line and the FPI-DES in Fig 1 significantly differ. For validation of the spacecraft po-
tential correction and the final electron density estimation, comparison with a direct mea-
surement is required. This is more difficult when the two other measurements disagree
by about 0.2cm−3. Note that this is much larger than the statistical uncertainty in the
FPI electron density measurement. The discrepancy between the two different direct meth-
ods of estimating the density are therefore significant and are discussed in the next sub-
section.
ω2 =
nee
2
meǫ0
+ 3k2
(
kBTe
me
)
(8)
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Figure 2. The photocurve used to determine the photoelectron parameters. The measured
points are given in blue and the binned data are shown in red with the corresponding error bars
in red. Fits are performed to the unbinned data in blue and to the binned data in red.
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Figure 3. Overview of the second event 2017-05-27 23:17:10.50-23:17:11.50 from MMS2. The
panels (a)-(d) denote the same as Fig. 1
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Two other intervals are presented in Figures 3 and 4, which have the same format
as Fig. 1. The second interval occurs on MMS2 between 2017-05-27 23:17:10.50-23:17:11.50.
This interval is of a much sparser plasma (ne < 0.2cm
−3) compared to the first inter-
val where the spacecraft are in the plasma sheet boundary layer (PSBL) where the space-
craft potential is very large (Vsc > 28V ). Similarly to the previous event there is a Lang-
muir wave present. The correlation coefficient between the spacecraft potential and the
electric field is also large (CC=0.81) and the lag is longer due to the longer time con-
stant for discharging in thin plasma, and the larger potential in this environment leads
to longer charging times. The final event presented has a much higher density and a lower
spacecraft potential. In contrast, this event is dominated by an upper hybrid wave which
is characterized by the dominance of the perpendicular components of electric field (E⊥ ≫
E‖). Moreover, several electron Bernstein waves above and below the upper hybrid fre-
quency are present. This results in a more complicated electric field envelope with rapid
fluctuations at several frequencies. The power of the Upper hybrid wave dominates the
Fourier spectra and the density from the plasma line is estimated from the dispersion
relation for the upper hybrid wave in Eq 9, where the correction due to the electron ther-
mal speed is ignored, and magnetic field is obtained from the fluxgate magnetometer.
ω2 =
nee
2
meǫ0
+
(
qB
me
)2
+ 3k2
(
kBTe
me
)
(9)
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Figure 4. Overview of the third event 2016-12-22 03:43:06.50-03:43:07.50 from MMS1. The
panels (a)-(d) denote the same as Fig. 1
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2.1 Estimation of the electron density
In this section the two different measurements of the electron density that will be
used for validation are discussed. Firstly the direct measurement from FPI-DES will be
discussed. The limitation of this measurement is that the instrument also measures pho-
toelectrons which originate from the surface of the spacecraft (external), or within the
instrument itself (internal) (e.g. Gershman et al., 2017). This can result in a higher mea-
sured density than the true value of the ambient plasma especially in a sparse plasma
where the counts are much lower and the photoelectrons may contribute a larger frac-
tion to the final measurement. The FPI moments calculations remove any electrons chan-
nels below qVsc excluding any external photoelectrons. However, internal photoelectrons
can also be present in the data and can have energies exceeding qVsc (Gershman et al.,
2017). To correct for this, in the moments data on the MMS archive, a model is used
(Gershman et al., 2017) but some differences may be present in each individual case.
To investigate further we use the partial moments data set of the FPI-DES data,
where the starting energy of the integration is at two different energies. Figure 5a shows
the omnidirectional electron energy spectra. The black curve in Fig 5a denotes the space-
craft potential. In the region where the energies of the particles are smaller than qVsc,
higher counts can be seen in the spectrogram. These are external photoelectrons. How-
ever some photoelectrons are also seen at higher energies exceeding qVsc although it is
less intense. These are likely internal photoelectrons which can have higher energies than
the spacecraft photoelectrons (Gershman et al., 2017).
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Figure 5. Overview of the electron and spacecraft potential measurements on interval 1 (a)
Omnidirectional electron spectra with the spacecraft potential overplotted, (b) partial density
moments with starting integration energy of 19.6eV (c) and with starting integration energy of
96eV.
Figure 5 (b) has a starting integration energy of 19.6eV, in principle this should
not contain any spacecraft photoelectrons. The ion inertial length in this case is ∼ 300km
while the electron inertial length is of the order of ∼< 7km. When compared to the inter-
spacecraft distances which are also ∼ 7km we would expect similar densities to be ob-
served on each spacecraft. However there seems to be a systematic difference between
the spacecraft when the moments are summed for energies greater than 19.6eV. In fig-
ure 5(c) the starting integration is set to 96eV. In this figure the densities between dif-
ferent spacecraft agree much better with one another. This suggests that the differences
between the spacecraft in Fig 5(b) are due to instrument photoelectrons. Furthermore
the mean value is slightly reduced by roughly 0.1cm−3 giving better agreement with the
plasma line.
The other measurement of the electron density comes from the plasma line. While
this is useful for comparison it is limited to times when the plasma wave is sharp and
well defined. The dispersion relation of the Langmuir wave was given by Eq 8. In de-
riving the density from the plasma line effects due to electron thermal speed (second term
on the right hand side of Eq. 8) have been neglected. This could be a potential source
of error on the plasma line density estimation which shall be investigated now.
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To test whether this is the case the second term is calculated using the measured
value of the electron temperature from FPI for a Langmuir wave with k = 0.1λD . The elec-
tron temperature in this case is Te = 1.04±0.02keV, and the Debye length λD = 319±
3m. The value of the correction term is two orders of magnitude less than the first term
in Eq. 8. Another potential source of error comes from the Doppler shift of the wave into
the plasma frame ωpla = ωsc−k ·v. While this is an important correction for low fre-
quency waves such as those often observed in the solar wind (e.g. Roberts et al., 2013)
it is less important for high frequency waves. Here the k·v term is several orders of mag-
nitude less than the wave frequency when using either ion or electron bulk speeds. This
suggests that the most accurate measurement of the electron density for this case comes
from the plasma line. The plasma line has been used for cross calibration on the Clus-
ter mission as an active sounding instrument is present (e.g. Fazakerley et al., 2010; Trotignon
et al., 2010). However, no such instrument is present on MMS and ideal conditions for
estimating the density from the plasma line may not always be present which motivates
the development of using the spacecraft potential as an additional measurement of den-
sity.
For validation of the electron density estimation from spacecraft potential both the
plasma line and the partial moments with integration starting at 96eV for intervals 1 and
2 will be used. As the density is much higher and photoelectrons relatively less impor-
tant 14eV will be used as the starting energy for integration in interval 3.
3 Method
The principle of this method is to use the envelope of measured electric field fluc-
tuations Eenv obtained from the SDP and ADP instruments and calibrate the electric
field in units of mV/m to a corresponding spacecraft potential change in units of V. The
contribution of the electric field to the spacecraft potential can then be removed, in prin-
ciple leaving only the perturbations due to electron density and temperature. This method
allows the spacecraft potential density estimate to be used under certain conditions when
there are large electric fields present. A figure summarizing the method is given in Fig
6. Firstly the data should be inspected to determine whether it is suitable. To be able
to apply this method there should be a clear relationship between Eenv and Vsc. Should
that not be the case then the contribution of the electric field envelope to the change in
potential cannot be accurately determined and the method cannot be used.
The spacecraft potential time series is sampled at a lower rate compared with the
HMFE data therefore there may be effects of frequency aliasing which may need to be
removed by low pass filtering. This low pass filtering will need to be done on both the
spacecraft potential and the re-sampled electric field envelope data. This is dependant
on the frequency of the plasma waves and will vary from case to case. In the first case
some aliasing can be seen in the high frequency coherence (Figure 10, and in the elec-
tric field data in Fig7), however in the first interval this does not need to be performed
as the power of these fluctuations in the spacecraft potential is low. In the second and
third cases low pass filtering does need to be performed.
In figure 7 we compare the Fourier power spectra of both the HMFE data and the
DCE. The two different measurements differ by their sampling rates, furthermore the
HMFE data are high pass filtered at 100Hz. The effect of aliasing can also be seen here
in the DCE data where there is an aliased peak near 2000Hz. It is important to note that
the photoelectron emission due to electric field waves is a function of both the wave fre-
quency and amplitude (Graham, et al., 2018b). Lower frequency waves cause more pho-
toemission as do higher amplitude waves. In this work we consider the removal of only
high frequency waves and make an assumption that the low frequency waves do not af-
fect the photoemission significantly. For the intervals concerned the high frequency waves
have much larger amplitudes than lower frequency Fourier modes. This is shown in fig
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Figure 6. Flowchart describing the method
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7 where the Fourier modes associated with the Langmuir wave have power which is ap-
proximately four orders of magnitude larger than any other Fourier mode. Therefore we
assume that the enhanced photoemission associated with high frequency wave compo-
nents are dominant over any low frequency components.
The next step is to calibrate the electric field Eenv to units of volts to give Ecal,
figure 9 shows the calibration curve for the first event. We use the same procedure to
bin the data as was done for the photocurve in Fig 2, and fit both a linear and a second
order polynomial to the data. Both curves fit well but the second order polynomial fits
better at both low and high spacecraft potentials and has a smaller χ2 value, and give
a different value of the background potential which differs by ∼ 0.5V . This may lead
to difficulties in determining the value of the ’background’ spacecraft potential mean-
ing there might be an offset in the electron density estimation. For all cases the second
order polynomial fit has a smaller χ2 value and will be used calibrate the electric field.
This curve agrees well with the simulations shown in Fig 8a of Graham, et al. (2018b),
the change in potential in the simulation was found to be consistent with enhanced emis-
sion of photoelectrons. This is caused by photoelectrons which would have returned to
the spacecraft being accelerated away from the spacecraft by the electric field. An al-
ternative hypothesis is that high energy particles trapped in the wave could cause increased
secondary electron emission. This effect would likely be small as the increased electron
temperature would cause the electron thermal current to increase. Any increase in cur-
rents due to secondary electron emission would likely be small compared to the electron
thermal current. During the three intervals studied the electron temperatures are 1046eV,
185eV and 127eV respectively which are all outside of the peak in secondary emission
yield. Furthermore, these temperatures are similar in the 1 second interval before and
after the intervals studied here suggesting that trapped high energy electrons are not the
cause of the potential changes here.
In addition to the effect of the electric field there is an effect of the spin from the
spacecraft, and the amount of illuminated surface changing throughout a spin. This is
due to different areas being exposed to sunlight, because of the geometry of the body
and due to shadowing effects from booms etc. This effect usually proves to be a hindrance
when using time intervals much longer than the spacecraft spin, and can manifest them-
selves in Fourier power spectra as strong peaks at the spin frequency and the associated
harmonics. However for shorter time intervals it can affect the mean value, therefore it
is prudent to remove it.
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Figure 8. (a) The potential fluctuation plotted as a function of spacecraft phase angle. (b)
The median value and error for each 0.5 degree bin. The red curve denotes the Model fitted to
the binned data for interval 1. For reference the three coloured horizontal lines denote where in
phase angle the different intervals occur.
Spin effect removal is done by developing an empirical model of the spacecraft charg-
ing over many spins, here 20 minutes of data (60 spins) are used. The potential fluctu-
ation is found by subtracting a local average based on a 20s spin period. The potential
fluctuation data as a function of spacecraft phase angle θ is shown in Fig 8a. Theta is
defined as 0◦ when the Sun is in +X of the spacecraft body coordinate system. The data
are then binned into spacecraft phase angle bins of half a degree and we use the median
and error Eqs. 6,7. The binned data are shown in Fig 8b and a model M(θ) is fitted to
the binned data (Roberts, et al., 2017) and denoted by the red curve. The model used
here is a superposition of 20 sine waves and the spin effect is then subtracted from the
data Vsc sr = Vsc −M(θ). Where the subscript sr denote spin removed.
It is important to note that while the spin effect is less important when consider-
ing shorter intervals it can still affect the density estimation by giving an offset value.
For example if a one second interval is near zero phase angle there may not be much ef-
fect however should the phase angle be near 140◦ an offset of -0.5V would be expected
for an interval with similar plasma parameters to interval 1. For reference the range of
spacecraft phase angles for each interval are shown on Fig 8b as horizontal lines.
After the spin correction it is time to address another issue which is illustrated by
the cross correlation analysis shown in Figs 1,3,4. The spacecraft potential lags behind
the electric field envelope. This is related to the charging properties of the spacecraft in
time which can be expressed as a time constant. This is defined in Equation 10 where
Csc is the estimated total capacitance of the spacecraft estimated to be 2nF (Graham,
et al., 2018b).
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δtRC = Csc
(
∂Vsc
∂Iphot
)−1
(10)
This finite charging time means that we cannot make a simple subtraction of the
Ecal from the spin corrected spacecraft potential as they would not be mapped to the
correct data points due to the time lag. Additionally the spacecraft charges/discharges
according to V = V0(1 − e−t/δtRC ) thus to charge to > 99% of the final value a time
of 5 time constants need to have passed, and any fluctuations in the electric field enve-
lope which are faster than this timescale will result in the spacecraft not reaching it’s
full charge. Thus at a certain frequency the spacecraft potential will no longer follow the
electric field. Furthermore, as spacecraft charging occurs due to photoelectron emission,
and the discharging is a result of the collection of thermal electrons. Thus the spacecraft’s
charging and discharging timescales can be different (Wang et al., 2014).
To correct for the time lag one approach would be to use the time lag found from
the cross correlation to shift the calibrated electric field fluctuations. However, there are
different charging and discharging times and the phase lag between the electric field en-
velope and the spacecraft potential is dependent on the timescale investigated. At low
frequencies (large time scales) the Fourier coefficients are largely unaffected and higher
frequencies become increasingly affected. Thus a more appropriate method is to use a
spectral approach. To investigate the relationship between the electric field envelope and
the spacecraft potential we calculate the wavelet coherence and phase difference (Tor-
rence & Webster, 1999) in Fig 10.
Figure 10a features the coherence and Fig. 10b shows the phase difference which
are fairly constant in time. In frequency they are also constant but begin to vary near
50Hz where the phase difference begins to increase in the mean coherence and phase shown
in Figure 10c. The rapid increase of the phase difference from 50-300Hz and decrease
of the coherence here is due to the finite charging time of the spacecraft which occurs
approximately near a timescale of five times the mean time constant. There is moder-
ate decrease at around 80Hz followed by sharp decrease in coherency (Figure 9c, black
curve) at 200Hz near the timescale 1/5δtRC, and an increase in coherency at higher fre-
quency ∼ 2000Hz. This increase in the coherency at high frequency is a result of fre-
quency aliasing of the Langmuir wave present (peak frequency f = 5728Hz in the HMFE
data) in the lower resolution spacecraft potential and the resampled electric field enve-
lope.
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Figure 10. (a) Wavelet coherence analysis of the calibrated unshifted electric field envelope
and the spacecraft potential (b) the corresponding wavelet phase difference (c) The mean coher-
ence and phase difference (d) the mean coherence and phase difference for the shifted calibrated
electric field.
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One interesting point to consider is why the fluctuations in the potential follow the
envelope of the electric field rather than the instantaneous wave amplitude. This is likely
due to the delay in the spacecraft potential’s response to the electric field due to a fi-
nite charging time and a large capacitance. For solar wind the study of Chen et al. (2012)
calculates an upper estimate of 6kHz for using the spacecraft potential in the solar wind
with the THEMIS spacecraft. Practically, this is limited by the sampling rate of 128Hz
or instrumental noise at 100Hz when the instruments are in ’wave-burst’ mode with a
sampling rate of 8192Hz. Due to the large capacitance of the spacecraft body the po-
tential cannot respond quickly enough to the instantaneous electric field (e.g. Malaspina
et al., 2014). This is consistent with lower frequency waves having a larger effect on the
enhanced escape i.e. that the electrons have more time to respond to the electric field
and are more likely to escape. This hypothesis is supported by test particle simulations
in Graham, et al. (2018b), and additionally the changes in the DC electric fields cause
a larger change in the potential when compared to the AC electric fields of the same mag-
nitude (Torkar et al., 2017).
Another point to consider is that the time constant of a spacecraft may not be uni-
form across the spacecraft due to different surface to plasma capacitances. For exam-
ple, the spacecraft body and the probes will have different time constants. Should these
two capacitances be similar the response times of both components may need to be con-
sidered. The surface area of 34m2 for MMS corresponds to an equivalent sphere of ra-
dius 1.6m, whereas the SDP probes have a radius of 0.04m. Therefore, on the MMS space-
craft, the two capacitances are well separated. Furthermore, the bias current supplied
to the probe will cause the difference in charging time-scale to be even larger. Practi-
cally this means, that only the longer timescale needs to be considered. However, this
may not be the case for other spacecraft.
The coherence and phase difference properties for this event are fairly constant in
time and it suggests that we can use a Fourier approach to correct for the phase lag. The
phase difference between components is calculated from Eq. 11 where the tilde’s denote
the Fourier transform, and the Fraktur fonts denote the real and imaginary parts.
φ = tan−1ℑ( ˜Ecal ˜Vsc sr∗)/ℜ(E˜cal ˜Vsc sr∗) (11)
Using the obtained phase difference the Fourier coefficients of the E˜cal can be shifted
following ˜Ecal shift = E˜cal exp
−iφ which shifts the lags to zero provided they are small
enough. Fourier coefficients can then be inverse transformed back to the time domain
Ecal shift. This results in a relationship where the mean phase difference at all scales is
low. The same coherence and phase difference analysis is performed on the shifted data
and the results of the mean values are seen in 10d where the increasing phase difference
seen in Fig 10c is now close to zero. Using the calibrated shifted electric field we can now
subtract from the spacecraft potential to give a value of the potential where the effect
of the electric field has been removed Vsc corr = Vsc sr − Ecal shift
Finally, high frequency fluctuations need to be removed where the electric field and
the spacecraft potential do not follow one another and where the frequency aliasing ef-
fects can be present. Therefore, as a final step the Vsc corr is low pass filtered using box-
car smoothing with a window size of 10 time constants to remove these high frequency
effects which occur when the coherency begins to drop near 80Hz. This value can finally
be used to estimate the electron density. However, it is an important caveat to the method
as well as when using the spacecraft potential more generally that there is a maximum
effective time cadence due to the spacecraft charging/discharging times.
To summarize; the method proposed in this section determines the empirical re-
lationship between the electric field envelope and the spacecraft potential, which are im-
portant in deducing the correct density values, but so far ignored in particular during
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the periods with high-frequency waves. This relationship is used to remove the fluctu-
ations seen in the spacecraft potential which are due to the electric field. There is a phase
difference between the electric field and the potential which needs to be corrected, and
then high frequency fluctuations need to be removed. This allows the density to be es-
timated from the potential also when there are large electric fields, which is essential for
applications where high time resolution density information are required when there are
large electric fields. Some examples of potential applications would be; evaluating the
Pondermotive force (Henri et al., 2011) or studying electron phase space holes Tong et
al. (2018); Holmes et al. (2018); Mozer et al. (2018).
4 Results
The final results for the removal of the fluctuations related to the Electric field are
seen in Figs 11-13. In the (a) panels the original spacecraft potential (not corrected for
spin or electric field) is shown in black, the electric field which has been phase shifted
and calibrated to volts in dark blue Ecal shift, the result when we remove the electric field
fluctuation from the potential in orange and the smoothed potential in red. For com-
parison the cyan lines show the result when the calibrated electric field is removed with-
out the phase shifting being performed.
In all three cases we see that large spurious fluctuations which are a direct cause
of not implementing a phase shift. This is due to the electric field leading and the space-
craft potential then following. In other words at a given time the electric field does not
correspond to the potential at the same time. Thus a subtraction of these two without
phase correction will give a spurious fluctuation.
Finally in Figs 11b - 13b we estimate the electron density where the colours cor-
respond to the potentials in Figures 11-13a. The processed data shows a clear improve-
ment on the raw spacecraft potential data with the fluctuations due to the electric field
being removed or mitigated. Figure 11b corresponding to the first interval shows the cor-
rected and smoothed data showing good agreement with the electron density from FPI-
DES and lies in between the moments value and the partial moments with a starting en-
ergy of 96eV. However, the measurement is somewhat different to the estimation from
the plasma line which is approximately 0.15 cm−3 smaller. This is likely due to the fact
that to determine the photocurve the electron density from FPI is used, therefore it may
not be surprising that it agrees best with FPI, despite the most accurate estimation com-
ing from the plasma line. In principle the plasma line could be used to determine the
photocurve with better accuracy. However, without active sounding this is not always
feasible, and the natural plasma line is not always available. The other possibility is that
there is some offset due to the calibration of the electric field performed in section 3. Be-
tween the two models that were fitted there was a discrepancy of 0.5V which could in-
troduce a systematic error of 0.05 cm−3. Other sources of uncertainty could be in the
determination of the photocurve as there is a large spread in the data points in Figure
2 or that the phase difference between the potential and the electric field may evolve in
time and a Fourier treatment is not suitable. Finally there could be some small effects
due to secondary electron emission. In this example the electron temperature is high (1keV)
therefore some secondary electron emission is possible. In practice, we would expect this
to be small as electron temperature is outside the peak of the secondary emission yield
which is near 300-800eV (Balcon et al., 2012). However, in the same way that photoelec-
tron escape is enhanced by acceleration from the electric field the secondary emission would
also be enhanced. On average the energies of secondary electrons are higher than pho-
toelectrons (of the order of 10 eV) (Lai, 2011), whereas the fitted photoelectron temper-
atures here are lower (see Figure 2). The enhanced electron escape would therefore be
more pronounced on the photoelectrons. This is because more secondary electrons can
escape without needing the aid of the electric field when compared to the photoelectrons.
Furthermore, as we use an empirical method relating the envelope of the electric field
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Figure 11. Results for Interval 1 (a) The original spacecraft potential is shown in black, the
calibrated and phase shifted electric field in blue, the potential where fluctuations in the electric
field envelope have been removed in orange, and the potential without electric field contribu-
tions which has been smoothed in red, the result of the subtraction when the phase shift is not
performed is shown in cyan. (b) shows the direct measurement from FPI in green, the original es-
timation of the density from spacecraft potential in black, the estimations from the corresponding
orange and red curves in (a).
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to the spacecraft potential both enhanced photoelectrons and enhanced secondary emis-
sion would be corrected for simultaneously.
Figure 12 shows the result of the spacecraft potential correction the second inter-
val which was chosen as it was an extreme event where the spacecraft potential is very
large and consequently the time constant of the spacecraft is very long. The main effect
of this increased time lag is that the smoothing window needs to be larger. In this ex-
treme case 1/5δtRC = 10Hz meaning that although the potential can be corrected in
this case and matches well with both the plasma line and the partial moments there is
no advantage to using it over the partial moments. In this case the spacecraft potential
is not capable of matching the time resolution of the direct measurement. Therefore in
the case where the time lags are lengthy and the direct measurement with burst mode
is available it would be more appropriate to use the direct measurement. However, for
other spacecraft where there is not such a direct plasma measurement the density esti-
mated from the spacecraft potential may be useful. It should also be noted that should
ASPOC have been operating during this interval the smaller potential would have re-
sulted in a smaller time delay, thus increasing the effective time resolution of the space-
craft potential density estimation. This would come at a cost of reducing the accuracy
of the value of the density, due to the potential differences resulting from density fluc-
tuations being smaller. While the focus of this work is on MMS, it is also interesting to
note a different capacitance (i.e. the effect on other spacecraft) would also have an ef-
fect. A smaller capacitance would enable the potential to follow the electric field fluc-
tuations more closely due to a reduced time constant and might even mean that the po-
tential follows individual wave cycles rather than the envelope. In principle it might be
possible to use a smaller spacecraft or even individual probe data due to their lower ca-
pacitance to test this provided that the time resolution is sufficient (Malaspina et al.,
2014). Practically, the bias current to the probes ensures that the probe potential is well
regulated, which would make such a measurement with a single probe difficult.
Figure 13 shows the results from the third interval which has a lower potential and
a higher density. We see that the potential is less markedly affected by the electric field
i.e. only 1V contrasting with the other two cases which are affected by around 2V. This
is despite the electric field having similar amplitudes in each event. This suggests that
at smaller potentials the affect of the electric field is less important. In the cases where
ASPOC and EDI are not operating such as those studied here smaller potentials corre-
spond to higher densities. In Figure 4a in Graham, et al. (2018b) the relationship be-
tween δVmaxEmax is shown to decrease with increasing density. So values of Emax will give
a smaller δVmax for a larger density, suggesting this correction is more useful in low den-
sity environments. This is consistent with enhanced photoelectron escape due to the elec-
tric fields. For higher densities the electron thermal current will be much larger and changes
in the photoelectron current would have a smaller effect on the potential. However, there
are several instances where even small changes in the potential are important for inter-
pretation such as inferring density fluctuations due to the pondermotive force (Henri et
al., 2011) or the effects of density perturbations on wave propagation (e.g. Moullard et
al., 2002; Yearby et al., 2011). Therefore, the relevance of the correction presented here
is also dependant on the exact use and accuracy required on Vsc for the density estima-
tion. Finally, for the third interval there is a large effect in the mean value due to the
portion of the spacecraft which is illuminated at the given phase angle. This demonstrates
the need to correct for the spin effect even when using intervals that are shorter than
the spin period. In this case it is important to correct for both effects and excellent agree-
ment is seen with the FPI-DES measurements.
5 Summary
In the work of Torkar et al. (2017) and Graham, et al. (2018b) a clear effect of the
electric field on the spacecraft potential was demonstrated, causing enhanced photoelec-
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Figure 12. The same as figure 11 but for the second interval.
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Figure 13. The same as figure 11 but for the third interval.
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tron escape from the spacecraft. This can lead to inaccuracies in determining the elec-
tron number density from the spacecraft potential. Physically this can be interpreted
as the electric field causing photoelectrons with lower energies to escape the potential
well of the spacecraft. In the absence of an electric field these photoelectrons would have
returned to the spacecraft. The relations that are obtained between the electric field en-
velope and the spacecraft potential are similar to those found in numerical simulations
and in MMS data (Graham, et al., 2018b). There is also no difference in the electron tem-
perature before during and after the waves ruling out trapped energetic particles caus-
ing more secondary emission. The secondary electron emission may also be enhanced,
but this is small when compared to the photoemission, and the correction presented here
would correct for both effects naturally. Here we have only considered the effect of the
envelope of the electric field for highly electrostatic fluctuations, however it is possible
that the presence of a magnetic field could also affect the photoelectron escape. A strong
magnetic field or perhaps a magnetic field with a particular orientation could cause the
trajectories of the photoelectrons to change due to the Lorentz force. This could cause
more or fewer electrons to escape the potential well of the spacecraft (e.g. Malaspina et
al., 2014; Wang et al., 2014). Numerical simulations by Graham, et al. (2018b) and a
combination of numerical simulation and laboratory experiments Wang et al. (2014) found
that this effect becomes important for very large magnetic fields B ∼ 103 nT which are
much larger than the typical magnetic fields at the magnetopause. Effectively the larger
magnetic field causes the electron gyroradius to be smaller. When the gyroradius becomes
comparable to the spacecraft size then the electrons are more likely to return to the space-
craft. These effects are likely to be small in the intervals studied here as the electric field
amplitude is extreme. We also remark that the type of wave may have an effect, for ex-
ample left hand circularly polarized waves may also scatter electrons leading to more elec-
trons escaping the potential well.
To correct for the electric field effect so that the density estimation can be used we
have developed a method which allows the density to be derived from the spacecraft po-
tential even when large amplitude AC fields are present. However, there is a caveat that
the correction of the phases relies on a Fourier approach, so this method may not be use-
ful when the coherence/phase difference of electric field and spacecraft potential are not
fairly constant in time, which might occur when the charging properties of the space-
craft or the plasma environment change abruptly.Furthermore the determination of the
density is complicated by the charging and discharging timescales of the spacecraft, which
is dependent on the potential itself. Thus in extremely sparse plasmas such as the PSBL
the charging timescales can be so long that the highest frequency that can be obtained
might be lower than that from FPI in burst mode data. In more dense plasmas the po-
tential is perturbed less by the electric field than in the low density cases. Finally we have
demonstrated that in three different plasma environments the electric field effect can be
effectively removed and a good estimate of the mean value and the density fluctuations
can still be obtained through the spacecraft potential. This is most useful when the time
lags are low and the relationship between the electric field envelope and the spacecraft
potential is well defined. Further work will develop this method for events where there
is a time variation in the coherence properties. Additionally it is planned to investigate
events when ASPOC is operating, which may make it more difficult in determining the
value of density but has the advantage that the charging time is smaller.
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